Gastric cancer (GC) is a heterogeneous disease. This heterogeneity applies not only to morphological and phenotypic features but also to geographical variations in incidence and mortality rates. As Chile has one of the highest mortality rates within South America, we sought to define a molecular profile of Chilean GCs (ClinicalTrials.gov identifier: NCT03158571/(FORCE1)). Solid tumor samples and clinical data were obtained from 224 patients, with subsets analyzed by tissue microarray (TMA; n = 90) and next generation sequencing (NGS; n = 101). Most demographic and clinical data were in line with previous reports. TMA data indicated that 60% of patients displayed potentially actionable alterations. Furthermore, 20.5% were categorized as having a high tumor mutational burden, and 13% possessed micro-satellite instability (MSI). Results also confirmed previous studies reporting high Epstein-Barr virus (EBV) positivity (13%) in Chilean-derived GC samples suggesting a high proportion of patients could benefit from immunotherapy. As expected, TP53 and PIK3CA were the most frequently altered genes. However, NGS demonstrated the presence of TP53, NRAS, and BRAF variants previously unreported in current GC databases. Finally, using the Kendall method, we report a significant correlation between EBV+ status and programmed death Cancers 2019, 11, 1275 2 of 15 ligand-1 (PDL1)+ and an inverse correlation between p53 mutational status and MSI. Our results suggest that in this Chilean cohort, a high proportion of patients are potential candidates for immunotherapy treatment. To the best of our knowledge, this study is the first in South America to assess the prevalence of actionable targets and to examine a molecular profile of GC patients.
. Demographic and clinico-pathological characteristics of FORCE-1 study population (n = 224), tissue microarray (TMA)-analyzed subgroup (n = 90) and next generation sequencing (NGS) subgroup (n = 101). 
Expression Profiling of Tumor Samples
We performed expression profiling by tissue microarray (TMA) in a subset of samples. Using immunohistochemistry (IHC) we evaluated PDL1 the status of four mismatch repair (MMR) proteins, namely MLH1, PMS2, MSH2, and MSH6. In addition, HER2, p16, and p53 were determined by IHC. EBV status was determined by chromogenic in situ hybridization (CISH, Table 2 ). We found that 28.9% of patients in our cohort were PDL1+ (by combined positive score (CPS) ≥ 10); 13% were classified as MMR-deficient (suggesting MSI-H). Our data showed that 13.3% of patients were HER2+. Previous studies demonstrate that p16 and p53 are tumor suppressor genes frequently inactivated/mutated in GC; here we found the absence of p16 expression in 36.7% and 53.3% of patients displayed p53 expression (suggesting mutation). Finally, our analysis indicated 13.3% of cases were EBV+. Supplementary Table S1 summarizes clinical and pathological characteristics of patient subsets: HER2+, EBV+, PDL1+, and MSI+. Notably, EBV+ patients were younger versus other subsets, predominantly male (11 out of 12) and displayed an absence of signet-ring cells. On the other hand, 8 out of 13 MSI+ patients were proximally-third gastric cancers, and six of them were classified as diffuse by Lauren, five of them were of signet-ring cells. Finally, 8 out of 12 HER2+ patients were classified as intestinal by Lauren, and five were signet-ring cell+. 
Patient Survival Rates
Patient overall survival (OS) rates were calculated as at 1 June 2018. Survival curves are shown in Figure 1 . From the initial group of 224, clinical data were available for 220 patients; median OS for the Cancers 2019, 11, 1275 5 of 15 entire group was 39 months ( Figure 1A ). Males displayed better OS rates versus females. However, these differences did not reach statistical significance (Log Rank p = 0.54, Figure 1B ). As expected, cancer stage had a significant impact on OS: 30 or 13 months for stage III or IV, respectively, and 62 months for stage II. Stage I patients did not reach 50% survival ( Figure 1C , Log Rank p = 0.0001). Lastly, we evaluated OS rates by histological type. We found that the median OS for the intestinal-type was higher than diffuse-type: 42 versus 26 months, respectively. Again, these differences did not reach statistical significance (Log Rank p = 0.42. Figure 1D ).
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Next Generation Sequencing
A total of 143 cancer-related genes were analyzed using the Oncomine comprehensive assay v1 [13] in 101 patients who passed quality controls (QCs); within this subset, 48 had complete datasets and are shown in Figure 2 . The waterfall plot shows that the TP53 gene was the most frequently altered. The upper section shows the number of alterations per patient. Among single nucleotide variants (SNVs), the most frequent alteration was missense TP53 mutation: 49%; among copy number variants (CNVs), MYC amplification was present in 4.9% ( Figure 2 and Table 3 ). 
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Deletion. Percentage (%) was calculated as the frequency of samples with said gene alteration (n) divided by the total of samples that passed DNA quality control (n = 101) for SNVs and CNVs, and RNA quality control (n = 86) for Fusions. SNVs Single nucleotide variations, CNVs Copy number variations.
Mutation Prevalence, Comparison with the TCGA Database
Next, we analyzed the most prevalent aminoacidic changes in the 10 most frequently altered genes (TP53, PIK3CA, VHL, NRAS, KRAS, BRAF, RHOA, and APC). Table 4 shows a total of eight mutations in TP53 (seven missense and one nonsense) and five missense in PIK3CA. All other genes had one mutation associated, except NRAS (Table 4 ). Then, we compared our results with the reported prevalence in four different cohorts from the TGCA database [6, [14] [15] [16] . The most frequent TP53 mutation in our study was R273C/H (3.9%). The lollipop plot in Supplementary Figure S1A shows the location of TP53 mutations in our study. Supplementary Table S2 summarizes driver mutations found in our cohort; overall, a total of 22 driver mutations were found in 35 patients. Furthermore, we found 32 potentially actionable alterations. Supplementary Table S3 summarizes affected genes, actionable mutations, associated drug (s), levels of evidence cancer type, and the number of affected patients within our cohort. 
Correlation Matrix
Finally, we performed an exploratory analysis. We elaborated two correlation matrices: clinical data/TMA ( Figure 3a ) and clinical data/NGS correlations (Figure 3b ). Given the exploratory nature of these analyses, we did not adjust by multiple comparisons. Correlational analyses used the Kendall method, and only significant correlations (p < 0.05) are highlighted. 
Discussion
As with other malignancies, GC is a highly heterogeneous disease. This applies not only to GC histopathological and phenotypic profiles but also to its geographical variations in incidence and mortality. Hence, a better patient stratification based on molecular profiling obtained from different geographical areas might contribute to rationalize the use of targeted therapies, improving patient survival. Our study found that most basic and demographic patient data in our cohort were 
As with other malignancies, GC is a highly heterogeneous disease. This applies not only to GC histopathological and phenotypic profiles but also to its geographical variations in incidence and mortality. Hence, a better patient stratification based on molecular profiling obtained from different geographical areas might contribute to rationalize the use of targeted therapies, improving patient survival. Our study found that most basic and demographic patient data in our cohort were comparable to previous reports indicating high prevalence among males [17] , and diagnosis at an advanced stage (i.e., stages III/IV) [18] . As described previously, we found a high rate of p16 loss [19] . In line with previous reports, we also found 13% of patients were MSI+ (inferred from MMR deficiency) [20] , however, within the MSI+ subgroup, we noticed several cases that were classified as diffuse histology by Lauren (6/13: 46%). In contrast, the TCGA study found that most diffuse cancers are classified as "Genomically-Stable" [6] , and the percentage of diffuse cancers in the MSI-H subgroup is rather low (about 10%). We speculate this discrepancy can be attributed to technical differences between our study and the TCGA and to the inherent inaccuracy of classification systems based on histological features, such as Lauren. On the other hand, 13% of patients in our cohort were EBV+, suggesting this subset could include candidates for immunotherapy. Median OS for the entire group was 39 months, and the lowest median OS was observed in stage IV patients (Figure 1 ).
To date, TNM staging remains the gold standard for GC prognosis and patient survival. Over recent decades, several studies have sought to define a molecular classification for GC [5] [6] [7] 14, 21] ; however, the clinical utility and applicability of these systems remains limited. Herein, we present NGS data for a subset of 101 patients. a recent study by Ichikawa et al. [22] elaborated a comprehensive genomic profile of GC patients using an NGS panel of 435 genes, including 69 actionable genes; they also determined EBV and MSI status. a total of 207 Japanese patients were divided into seven hierarchical clusters. First, they divided patients in hypermutated (n = 32; 15.45%) and non-hypermutated (n = 175; 84.54%). Then, non-hypermutated tumors were subdivided into six categories by alterations in: ERBB2 (n = 25; 12.07%), CDKN2A/B (n = 10; 4.83%), KRAS (n = 10; 4.83%), BRCA2 (n = 9; 4.34%), ATM (n = 12; 5.79%), and a cluster 6 (n = 109; 52.6%) with minor or no alterations in actionable genes. Our NGS found 150 SNVs, 31 CNVs, and 9 fusion drivers. We also found 22 driver mutations, and 32 patients had mutations on 14 actionable targets out of 101 analyzed (31.68%, see Supplementary Data File 1). In line with the abovementioned study, we found ERBB2 (n = 5; 5.0%), CDKN2A (n = 4; 4.0%), KRAS (n = 8; 7.9%), and ATM (n = 2; 2.0%) were among the most frequently altered (including both SNVs and CNVs) genes in our cohort (shown in Table 3 ). Previously, studies have postulated high-tumor mutational burden (TMB) as a predictor biomarker for immunotherapy response in several cancers [23] , including advanced GC [24] . However, a recent study found that a high-TMB was not associated with response to nivolumab in GC patients [25] . Previous reports have also shown that estimated TMB values based on targeted gene panel sequencing can display a high degree of discordance versus TMB calculated from whole-exome sequencing [26] . Here, we estimated TMB (see methods and supplementary Figure S2 ) and found a median value = 3.84 mut/Mb. Hence, using an 8.8 mut/Mb cutoff value [27] , we found a 21/101 (20.79%) of our patients could be categorized as "highly mutated" and could be candidates for immunotherapy. Interestingly, we observed that 4/10 (40%) of MSI+ patients could be classified as high-TMB, in contrast only 7/59 (11.9%) of microsatellite stable (MSS) patients were high-TMB using the aforementioned cutoff value (Supplementary Figure S2 ). In line with our findings, a recent report in Chinese GC patients estimated TMB from a 381-gene panel and found a median TMB = 4.03 in gastric carcinomas [28] .
As expected, our NGS data confirmed the TP53 gene as the most frequently altered among Chilean patients. This is in line with previous reports for various malignancies [29] , including GC [22, 30] . Accordingly, our TMA data indicate 53.3% of p53 mutants (Table 2) , a percentage further confirmed by NGS, indicating 49% of patients displayed TP53 mutations. As explained above, an effective GC patient stratification should identify biomarkers to select potential responders to targeted therapies. Here we elaborated correlation matrices (Figure 3a,b) searching for potential associations. Overall, >50 statistically significant correlations among the variables measured in our study were discovered using the Kendall method; some of these could serve for patient stratification. Firstly, we found a positive correlation between EBV+ and PDL1 expression ( Figure 3a) , an association previously described by others [31] . Although EBV+ GCs are generally associated with better prognosis [32, 33] , a recent article suggests a poorer prognosis in EBV+ GC by high intra-tumoral PDL1 expression [34] . While it is still controversial, PDL1 expression has been postulated as a biomarker for immunotherapy responsiveness [35] , and therefore, our data would support the use of PD1-PDL1 checkpoint inhibitors in EBV+ GCs as a first or second-line therapy; a notion confirmed by previous studies that recommend the use of immunotherapeutic drugs against EBV+ subtype GC tumors defined by the TCGA [36] . Second, the presence of signet ring cells (SRCP) is a poor prognostic marker in GC [37] . Accordingly, we found SRCP was negatively correlated to EBV+ and PDL1 status in our series. Regarding p53, we found negative associations with MSI+ ( Figure 3a ) and also between TP53 and PIK3CA mutations (Figure 3b) , In fact, studies in colorectal cancers indicate p53 mutation is commonly associated to MSS/BRAF mutant tumors [38] , again this partially confirms our findings. On the other hand, BRAF mutations in our cohort correlated with alterations in multiple genes including the EGFR-EGFR fusion, correlated SNVs were: KRAS, FBXW7, WT1, EGFR, KDR, and ERBB3 (see Figure 3b ) suggesting BRAF could be an actionable target for a subset of GC patients who also carry somatic EGFR and/or KRAS alterations. Several studies demonstrate V600E is the most frequently observed BRAF mutation, particularly in melanomas [39] . However, most of our patients displayed the D594G variant, a missense gain-of-function mutation located in the BRAF kinase domain. Interestingly, this BRAF variant remains largely unreported by other TCGA GC cohorts (Table 4 ). Studies suggest D594G is insensitive to conventional BRAF inhibitors that target the V600E mutation, such as Vemurafenib [40] . Recently, several studies have reported a novel generation of BRAF inhibitors that may serve for future therapeutic interventions in GC patients who harbor the D594G mutation [41, 42] . Our analysis also found an association between β-catenin (CTNNB1) mutations and alterations in GATA2, HRAS, and HER2 (ERBB2). Previous studies have implicated Wnt/β-catenin signaling in gastric tumorigenesis, progression, and metastasis [43] . Interestingly, constitutive Wnt/β-catenin signaling usually results from H. pylori infection; in Chile, it is estimated that >70% of the population is H. pylori+ [8] . Therefore, it is reasonable to speculate this could be an environmental factor that plays a role in the country's high incidence of GC. Further, a study by Khalil et al. used a tissue microarray and postulated a role of the Wnt/β-catenin pathway in the early stages of HER2+ breast neoplasias [44] , suggesting this pathway could also serve for future targeted therapies in GC, especially for HER2+ GC cases.
Given its observational nature, our study has certain limitations: first, although the total number of patients with clinical data is in line with similar reports (n = 224) IHC and NGS analyses were performed in patient subsets (n = 90 and n = 101, respectively) that may represent a bias of our study. Similarly, our cohort reports a relatively high number of stage III cases; unlike stage IV, these patients usually go through surgery providing tissue samples for NGS/TMA analyses, some of our research team members are gastric surgeons, and consequently, this may be a registration bias of our study. As explained, tumor mutational burden (TMB) was estimated from our targeted-gene panel, these estimates may differ significantly from TMB values calculated from whole-exome sequencing and therefore could limit the scope of our findings.
Materials and Methods

Patients, Ethics Approval, Consent to Publish and Demographic Data
A total of 224 GC patients diagnosed between April 2004 and March 2018 were enrolled at the Centro de Cancer UC-CHRISTUS in the Pontificia Universidad Catolica de Chile (PUC). Inclusion criteria: age ≥18, diagnosed with confirmed GC, with clinical follow-up, able to understand spoken and written Spanish and sign an informed consent. The Internal Review Board and the Ethics and Scientific Committee at the School of Medicine approved this research (#16-046 dated 21 April 2016). Participants signed a consent to publish forms. a waiver of consent was granted to include deceased patients into the study. All patient data were anonymized and coded.
Protein Expression Analyses by Tissue Microarray (TMA) and EBV Status
PDL1, MLH1, PMS2, MSH2, MSH6, HER2, p16, and p53 expression was determined in 90 patients using manually prepared TMA [45, 46] from deparaffinized sections obtained from archival samples of cancer tissues. Antibodies were PD-L1: Cat # SK00521-k (Dako, Carpinteria, CA, USA); all other antibodies: MLH1: Cat # 06472966001; PMS2: Cat # 06419216001; MSH2: Cat # 05269270001; MSH6: Cat # 5929911001); HER2: Cat # 05278368001; p16: Cat # 06695221001; p53: Cat # 5278074001 were from Roche Diagnostics (Basel, Switzerland). PDL1+ status was determined from the combined positive score (CPS); this score assesses the proportion of PDL1+ tumor cells and PDL1+ tumor-associated cells divided by the total number of cells ×100 [47] . In our study, we set a cutoff CPS ≥10 for PDL1+ patients following the recommendation of the upcoming KEYNOTE062 study (ClinicalTrials.gov identifier: NCT02494583). HER2+ status was assessed following a protocol described previously [48] . Briefly, HER2+++ by IHC analysis were considered positive, HER2++ cases were further confirmed by fluorescence in situ hybridization (FISH). Samples that were + or 0 by IHC were considered negative. In addition, EBV status was determined by EBER1 expression in infected cells by chromogenic in situ hybridization (CISH) method as described [9] with slight modifications.
Next Generation Sequencing (NGS), DNA/RNA Purification & Quantification
The Oncomine comprehensive assay v.1 kit (Thermo Fisher, Carlsbad, CA, USA) was used [13] in a subset of 116 patients. Nucleic acids (DNA/RNA) were extracted from formalin-fixed paraffin-embedded (FFPE) samples using the RecoverAll kit (Cat #AM1975, Thermo Fisher). Samples were quantified in a Qubit Fluorometer 3.0™ (Thermo Fisher). For DNA and RNA quantifications Qubit™ dsDNA/RNA HS Assay (Thermo Fisher) was used.
Construction, Quantification, and Sequencing of Libraries
Libraries were constructed according to the "Ion Ampliseq™ Library Preparation protocol using the Oncomine Cancer Research Panels" and were quantified by qPCR. The pool of libraries required for enrichment in the Ion Chef™ System (Thermo Fisher) which was performed in the ratio 8:2 (DNA:RNA) for each sample to be analyzed; each pool of libraries consists of up to 8 samples for analysis/chip. The enrichment of the libraries and subsequent loading of the chip was done in the Ion Chef™ System. Libraries were sequenced on the Ion S5™ NGS system (Thermo Fisher).
Bioinformatics Methods
Genomic analyses were performed in 101 and 86 samples that passed quality controls (QCs; described below) for DNA and RNA, respectively. Genomic data were processed in two stages; first, variant calling was performed using Thermo Fisher platforms: Torrent Browser and Ion Reporter with the Oncomine Focus w2.1 workflow. Subsequent analyses were performed using in-house developed methods. Then short (<25 bp) and low quality (Phred Scale, Q < 16) reads were eliminated; and the remaining reads were demultiplexed. Subsequently, DNA samples were aligned against the reference human genome (Hg19 version) defined by the hotspot browser extensible data (BED) file. High-quality reads followed the analysis defined by Oncomine, where the variant calling in both DNA and RNA was performed. Annotation of detected alterations was performed by Oncomine Variant Annotator plugin 2.2.7 (OVA), supported by dbSNP, ClinVar, and VariantDB databases. QC was performed following the manufacturer´s suggestions. All information was summarized in Supplementary File 1. Tumor mutational burden (TMB) was estimated from the number of somatic non-synonymous variants per Megabase (mt/Mb) identified at the hotspot regions interrogated by the Oncomine Comprehensive v1 panel ( Supplementary Figure S2 ).
Identification of Drivers and Druggable/Actionable Mutation
Our data were compared to the comprehensive report by Bailey et al. [49] , and to establish the number of druggable/actionable mutations, we downloaded the oncoKB [50] list of actionable variants (Last update: January 24th, 2019). This list contains a series of somatic alterations associated with specific therapies, across different levels of evidence and cancer types. Evidence level ranges from 1 (highest) to 4 (lowest). R1 and R2 levels are related to predictive resistance to treatment.
Statistical Analysis
Survival analysis was performed using the Kaplan-Meier method and the log-rank test. Correlation analyses were performed using the Kendall method (for non-parametric, categorical, and continues variables). p < 0.05 p-values were considered statistically significant. All data were analyzed using R software (The R Foundation, Vienna, Austria).
Conclusions
Our study analyzed clinical, genomic, transcriptomic, and protein expression data in a cohort of Chilean GC patients. Most basic and demographic data were in line with previous GC reports. However, our NGS data indicated the presence of novel TP53, NRAS, and BRAF variants not reported on GC databases. To the best of our knowledge, this is the first prevalence assessment of actionable targets among Chilean GC patients. Finally, our data suggest that a high proportion of patients, including EBV+ (13%), MSI+ (13%) and high-TMB (20%) patients, could benefit from the use of immunotherapeutic drugs.
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